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Receiving a semiconductor mask blank substrate 

104 t t t 

Creating a plurality of alignment marks on a 
Surface on the substrate 

106 Performing an inspection of the blank to find pit 
and particle defects on the surface of substrate 

108 Repairing pit and particle defects on the surface of 
the Substrate 

110 
Depositing addition layers to prepare mask blank 
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MASK AND METHOD FOR FORMING THE 
MLASK 

BACKGROUND 

The semiconductor integrated circuit industry has experi 
enced rapid growth in the past several decades. Technological 
advances in semiconductor materials and design have pro 
duced increasingly smaller and more complex circuits. These 
material and design advances have been made possible as the 1 
technologies related to processing and manufacturing have 
also undergone technical advances. In the course of semicon 
ductor evolution, the number of interconnected devices per 
unit of area has increased as the size of the Smallest compo 
nent that can be reliably created has decreased. 

Semiconductor fabrication relies heavily on the process of 
photolithography, in which light of a given frequency is used 
to transfer a desired pattern onto a wafer undergoing semi 
conductor processing. To transfer the pattern onto the wafer, 
a photomask (also referred to as a mask or reticle) is often 
used. The photomask permits and prevents light in a desired 
pattern onto a layer of the wafer, such as a photoresist (PR) 
layer, which chemically reacts to the light exposure, remov 
ing some portions of the PR and leaving other portions. The 
remaining PR is then used to pattern an underlying layer. As 
feature sizes have decreased, the wavelength of light used in 
photolithography to pattern layers has decreased as well, 
creating additional difficulties and necessitating technologi 
cal advances such as the use of extreme ultraviolet (EUV) as 
a light source, phase-shifting masks, and other advances. 
Improving photomasks is important to the continued 
advances in the industry, because various kinds of photomask 
defects can result in compounding defects in the patterned 
layers. Photomask improvements include improves made in 
Substrate material and quality. Such as the use of low thermal 
expansion material (LTEM) substrates for EUV masks. 

For example, during photomask fabrication, attempts are 
often made to clean the photomask substrate before addi 
tional layers are applied. The processes used to clean and 
polish the photomask substrate have improved. However, 
defects are often introduced during and may remain after the 
cleaning and polishing. Therefore, there is a continuing need 
for systems and techniques to improve the characteristics of 
mask Substrates. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Aspects of the present disclosure are best understood from 
the following detailed description when read with the accom 
panying figures. It is emphasized that, in accordance with the 
standard practice in the industry, various features of the fig 
ures are not drawn to Scale. In fact, the dimensions of the 
various features may be arbitrarily increased or reduced for 
clarity of discussion. 

FIG. 1 is a flowchart depicting a method for removing 
defects from a semiconductor mask blank Substrate. 

FIGS. 2A-F depict a series of diagrammatic fragmentary 
cross-sectional side views of a portion of semiconductor 
mask blank Substrate in a process for removing defects from 
the surface of the substrate. 

The various features disclosed in the drawings briefly 
described above will become more apparent to one of skill in 
the art upon reading the detailed description below. 

DETAILED DESCRIPTION 

It is to be understood that the following disclosure provides 
many different embodiments and examples for implementing 
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2 
different features of the invention. Specific examples of com 
ponents and arrangements are described below to simplify the 
present disclosure. These are, of course, merely examples and 
are not intended to be limiting. Moreover, the formation of a 
first feature over or on a second feature in the description that 
follows may include embodiments in which the first and 
second features are formed in direct contact, and may also 
include embodiments in which additional features may be 
formed interposing the first and second features, such that the 

0 first and second features may not be in direct contact. Various 
features in the figures may be arbitrarily drawn in different 
scales for the sake of simplicity and clarity. 

FIG. 1 illustrates a method 100 for preparing photomask 
Substrates according to various aspects of the present disclo 
sure. The method 100 begins with step 102 by receiving a 
photomask Substrate in a photomask processing system. The 
system may include many different tools or machines capable 
of many different kinds of processes, such as material depo 
sition, material removal, and physical characterization. The 
photomask Substrate may be of a variety of suitable materials, 
including quartz, glass, low thermal expansion materials 
(LTEMs), and other materials that may be apparent to those 
skilled in the art. The substrate may be particularly suitable 
for extreme ultraviolet (EUV) masks, opaque MoSi on glass 
masks (OMOG), or phase-shifting masks (PSMs). 

After the photomask substrate has been received, the 
method 100 continues in step 104 by creating a plurality of 
alignment marks on the Surface of the Substrate. The plurality 
of alignment marks may be made in a variety of ways. The 
alignment marks may comprise bumps or depressions made 
on the Surface. If the alignment marks comprise bumps, the 
bumps are formed by depositing material, such as chromium 
or silicon oxide, on the Surface by a localized deposition 
process. Such processes include gas-assisted deposition 
(GAD). Such as electron beam (e-beam) deposition, focused 
ion beam (FIB) deposition, or laser beam deposition with a 
chromium gas, TEOS, or other gas suitable for a GAD pro 
CCSS, 

If the alignment marks are depressions, they are made by a 
localized material removal process. Suitable removal pro 
cesses include physical removal processes like laserablation, 
Such as by a pulsed laser, or gas-assisted etching (GAE) with 
an e-beam, FIB, or laser tool. A chemical etch process may 
also be adequate to form the alignment marks. 
The bump or depression created for the alignment marks 

may be created in many different shapes. For example, the 
alignments marks are roughly circular or roughly square. The 
bumps or depressions are used to provide a localized coordi 
nate system on the wafer for subsequent steps in method 100. 
The bumps or depressions can range from 2 to 20 microns in 
diameter. In one embodiment, a depression created as an 
alignment mark by pulsed laserablation is 3 microns in diam 
eter and 0.5 microns deep. Two or more alignment marks may 
be created for use in an Subsequent process steps. 

In step 106, an inspection of the blank is performed in order 
to locate defects on the surface that may be repairable. In 
performing the inspection, the alignment marks are used to 
create a localized coordinate system that can be used to cata 
log the location of individual defects. The inspection may be 
a visual inspection using optical microscopy to identify 
defects. The defects on the surface can include pit defects and 
bump or particle defects. For example, during CMP processes 
that are normally used to create a level surface on the sub 
strate, some pits that were present before the CMP processes 
are not thoroughly removed. Thus, Small pits remain after 
CMP. Additionally, small pits can be formed during polish 
ing. Also, pieces of foreign material or detached pieces of the 



US 8,709,682 B2 
3 

Substrate can remain on top of the Substrate even after a 
typical cleaning process, leaving particle defects. 

Thus, in step 106, a catalog of the defects are made while 
performing the inspection. The catalog may include the coor 
dinates and types (whether pit or particle for example) of a 
plurality of defects detected on the surface of the substrate. 
This inspection and cataloging process may be entirely or 
partially automated, so that a computer system detects the 
defects and catalogs their coordinates for later repair. 
The method continues in step 108 by undertaking to repair 

the cataloged pit and particle defects. A variety of tools may 
be used in order to repair the pit and particle defects. When a 
pit defect is repaired, one of several deposition processes are 
used. These deposition processes may be localized deposition 
processes such as gas-assisted e-beam, FIB, or laser deposi 
tion. In some embodiments, the pits are filled with deposited 
chromium, or other Such material that can be controllably, 
locally deposited to fill the pit defect to make it level with the 
rest of the surface of the substrate. The process of local 
deposition can potentially result in an excess of material 
being deposited at the site of the pit defect. When that occurs, 
the level of the surface at the location of the pit is above the 
normal Surface level of the Surrounding Substrate. 

In Such an instance, Some of the excess material deposited 
while repairing the pit may be removed. Removal may be 
done by a localized material removal process. Such processes 
are similar to those previously described for creating the 
depression-type alignment marks. Further, the excess mate 
rial may also be removed by the use of atomic force micro 
croscopy (AFM) nanomachining. In an AFM nanomachining 
process, the AFM tip is used as a machining tool rather than, 
or in addition to, a metrology tool. Thus, AFM nanomachin 
ing may be used to decrease the level of deposited material 
down to match the Surrounding Surface level. 

In some embodiments of the invention, the repair tool or 
repair system have a field of operation that is limited to an area 
Smaller that the entire Substrate surface. In Such an instance, 
using more than two marks is beneficial to Supply localized 
coordinates for each limited field of operation required to 
repair the entire Substrate. The alignment marks are often 
located outside the field of operation. 

In some instances it is desirable to remove material from 
the pit defect before depositing material to fill the pit. In such 
instances, in preparation for depositing material, the pit is 
further enlarged by localized etching techniques. The pit 
enlargement may be accomplished through the use of laser 
ablation, e-beam, or FIB etching, gas-assisted etching (GAE), 
or other suitable method. Once the pit has been adequately 
enlarged, it is repaired as in the preceding paragraph. 
When a particle defect is being removed, a localized etch 

process is used Such as those mentioned above. Additionally, 
AFM nanomachining may be used to remove the material that 
exceeds the surface level, thereby removing the particle 
defect. 

Following the particle defect removal, as well as the excess 
material removal process during a pit defect repair, a cleaning 
or purging process is used to remove residue that may be left 
behind after repair. The cleaning process is a dry cleaning 
process Such as a CO dry cleaning process. This may remove 
the Small portions of material that are generated during nano 
machining. 
The activities undertaken in step 108 to repair the pit and 

particle defects may be entirely or partially automated. Thus, 
in Some embodiments, a repair system receives the cataloged 
locations and types of defects and automatically undertakes 
the necessary repairs. For example, the system begins by 
filling all pit defects, and then continues by nanomachining or 
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4 
etching all particle defects. Or, the system repairs all defects 
located within a given area of the Substrate before moving on 
to another area of the substrate. This is done with little 
involvement of a human operator. Alternatively, a human 
operator receives the coordinates and types of defects from 
the inspection tool and uses the repair system, along with the 
coordinates and defect types to direct and control appropriate 
repair processes to reduce defects on the Substrate. 

FIGS. 2A-F depict a series of diagrammatic fragmentary 
cross-sectional side views of a portion of a mask substrate 200 
in a process for removing defects from the surface of the 
substrate. The process is similar to that depicted in the flow 
chart of FIG. 1. For clarity of explanation, the description of 
FIGS. 2A-F will treat the mask substrate as a substrate suit 
able for an EUV mask. However, the embodiments of the 
invention may include more than just EUV masks. 

FIG. 2A depicts a mask substrate 202. The mask substrate 
202 is a low thermal expansion material (LTEM) substrate 
suitable for an EUV mask. The mask substrate 202 may have 
already gone through a typical polishing and cleaning process 
in preparation for a Subsequent mask formation process. A 
significant number of defects may have already been removed 
by the polishing and cleaning process. However, as depicted 
in FIG. 2A, the mask substrate 202 still includes a plurality of 
pit defects 204 and a plurality of particle defects 206 on its 
Surface. Due to increasing lithography demands, an EUV 
mask made from the substrate 202 as depicted in FIG. 2A will 
produce many unwanted phase defects. Thus, the mask Sub 
strate 202 will undergo a surface repair process to reduce 
potential phase defects. 

In FIG. 2B, the substrate 202 may undergo an alignment 
mark formation process 210, which includes localized align 
ment mark formation processes 210A and 210B. In certain 
embodiments, the alignment mark process processes 210A 
and 210B are pulsed laser ablation processes. Alternatively, 
the localized alignment mark processes 210A and 210b may 
be processes that deposit material on the surface of the sub 
strate 202 or other processes, like laserablation, that remove 
material from substrate 202. If the processes 210A and 210B 
are deposition processes, potential deposition processes 
include GAD processes. If the processes 210A and 210B are 
material removal processes, the removal processes include 
ablation or gas-assisted etching techniques. 

FIG. 2C depicts the result of the alignment mark processes 
210A and 210B. The surface of the substrate 202 may include 
alignment marks 212A and 212B. The alignment marks 212A 
and 212B may be cavities or depressions created by pulsed 
laserablation. The alignment marks 212A and 212B are used 
in process steps that rely on coordinates to find the plurality of 
pit defects and the plurality of particle defects. In at least one 
embodiment, the alignment marks 212A and 212B are gen 
erally square in shape, and about 3 microns on the sides and 
0.5 microns deep. 

After the alignment marks 212A and 212B (and other 
alignment marks which may have been made but which are 
not depicted) have been formed, a visual inspection of the 
surface of the substrate 202 is performed. As part of the visual 
inspection process, the alignment marks 212A and 212B 
serve as a coordinate system so that the locations of Surface 
defects such as pit defects 204 and particle defects 206 can be 
cataloged. The cataloged locations are used as shown in 
FIGS. 2D and 2E. 

FIG. 2D depicts the removal of the particle defects 206 by 
a removal process 214. The location of the particle defects 
206 is obtained during the inspection process performed ear 
lier. The removal process 214 may be AFM nanomachining 
process. In such an embodiment, the AFM tip is used to break 
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apart the individual particles of the plurality of particle 
defects 206 so that they can be cleared away later in a dry 
cleaning process. 

FIG. 2E shows the particle defects 206 as removed by the 
removal process 214. FIG. 2E also shows a plurality of pit 
defects 204 undergoing a filling process 216. The filling pro 
cess 206 depicted is a localized deposition process. For 
example, the plurality of pit defects 204 are filled with chro 
mium by an e-beam deposition process. After the filling pro 
cess 216 is completed, there may be an access of material at 
the filled location, such that the height in the filled location 
exceeds the level of the surrounding substrate surface. In 
Some embodiments the amount of material deposited into one 
of pit defects 204 by the filling process 216 exceeds a volume 
defined by the one of the pit defects 204, thus create a bulge of 
excess material. A removal process similar to the removal 
process 214 depicted in FIG. 2D, such as AFM nanomachin 
ing, is used to remove excess material. After this removal 
process, the level of the substrate is substantially flat. The 
repaired substrate 202 may undergo a CO dry cleaning pro 
cess or other cleaning process to remove remaining residue. 

FIG. 2F depicts the repaired substrate 202. The alignment 
marks 212A and 212B remain on the surface of the substrate 
202. Alternatively, some orall of the alignment marks made to 
facilitate Surface defect removal, including the alignment 
marks 212A and 212B, are removed by processes similar to 
those described above in connection with pit defect repair. 

In an embodiment of the invention comprising an EUV 
mask blank, several layers are deposited after the substrate 
has been cleaned as in FIG. 2F. For example, a multilayer 
(ML) stack of alternating layers of high index of refraction 
material and low index of refraction material. The alternating 
layers are alternating layers of molybdenum and silicon. After 
the ML stack, a capping layer is deposited. The capping layer 
is ruthenium capping layer. Following the capping layer, an 
absorber layer is deposited, which may in turn be followed by 
an anti-reflective coating (ARC) layer and a photoresist (PR) 
layer. 

Embodiments of the invention include a method for 
decreasing phase defects on a semiconductor mask blank. 
The method includes steps of receiving a semiconductor 
mask blank Substrate, creating alignment marks on the Sur 
face of the substrate, inspecting the surface of the substrate to 
locate a plurality of Surface defects, and repairing the plural 
ity of surface defects on the surface of the substrate. In some 
embodiments, creating alignment marks on the Surface of the 
Substrate is performed by creating depressions on the Surface 
of the substrate. A laser punch is used to create the depres 
sions on the surface of the substrate. In other embodiments, 
creating alignment marks on the Surface of the Substrate is 
accomplished by depositing material to create a bump on the 
Surface. 

In at least some of the embodiments, a method for decreas 
ing phase defects on a semiconductor mask blank includes 
logging the location of each of the plurality of Surface defect 
during the inspection of the surface of the substrate. The 
plurality of Surface defects comprises pit defects and/or par 
ticle defects. Repairing the particle defects is performed using 
at least one of an electron beam, a focused ion beam, a laser 
beam, or AFM nanomachining to remove at least one of the 
particle defects from the surface of the substrate. And repair 
ing the pit defects comprises locally depositing material into 
at least one of the pit defects. The deposited material depos 
ited is chromium, in at least one embodiment. 

In a particular embodiment, repairing the pit defects com 
prises enlarging some or all of the pit defects before deposit 
ing material to fill some or all or the pit defects. Locally 
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6 
depositing material into at least one of the pit defects com 
prises depositing an excess of material into the pit defect. In 
Some embodiments this may create a bulge of the deposited 
material on the surface of the substrate which is then removed 
by using an electron beam, focused ion beam, laser beam, or 
AFM nanomachining process. To prepare the Substrate Sur 
face, at least some methods further comprise Subjecting the 
Substrate to a dry cleaning process, like a CO dry cleaning 
process, to remove residue resulting from the removal of the 
excess material bulge. 

In yet another embodiment, a method for producing a 
semiconductor mask blank with few phase defects is pro 
vided. The method comprises receiving a semiconductor 
mask blank Substrate, creating alignment marks on the Sur 
face of the Substrate, and performing an inspection of the 
Surface of the Substrate to locate and catalog a plurality of 
surface defects. The method further comprises repairing the 
plurality of surface defects on the surface of the substrate and 
depositing a plurality of alternating layers of high index of 
refraction and low index of refraction materials. 
Some embodiments further include depositing a capping 

layer on top of the plurality of alternating layers, depositing 
an anti-reflective coating on top of the capping layer, and 
depositing a photoresist layer over the anti-reflective coating. 

Additional embodiments include a semiconductor mask 
blank. The blank comprises a repaired substrate, a multilayer 
stack comprising a plurality of molybdenum and silicon lay 
ers, a capping layer, an absorberlayer, and a photoresist layer. 
In at least some embodiments, the repaired Substrate has a pit 
defect that has been repaired by deposition localized to an 
area of the pit defector a particle defect that has been repaired 
by nanomachining localized to an area of the particle defect. 
In some embodiments, the repaired substrate includes both a 
pit defect that has been repaired by deposition localized to an 
area of the pit defect and a particle defect that has been 
repaired by nanomachining localized to an area of the particle 
defect. 
The foregoing has outlined features of several embodi 

ments so that those skilled in the art may better understand the 
detailed description. Those skilled in the art should appreciate 
that they may readily use the present disclosure as a basis for 
designing or modifying other processes and structures for 
carrying out the same purposes and/or achieving the same 
advantages of the embodiments introduced herein. Those 
skilled in the art should also realize that such equivalent 
constructions do not depart from the spirit and scope of the 
present disclosure, and that they may make various changes, 
Substitutions, and alterations herein without departing from 
the spirit and scope of the present disclosure. 
What is claimed is: 
1. A method for decreasing phase defects on a surface of a 

mask blank Substrate, the method comprising: 
receiving the mask blank Substrate; 
creating two or more alignment marks on a surface of the 
mask blank Substrate; 

performing an inspection of the Surface of the mask blank 
substrate to locate a plurality of surface defects; and 

repairing the plurality of surface defects on the surface of 
the substrate. 

2. The method of claim 1, wherein creating two or more 
alignment marks on the Surface of the Substrate further com 
prises creating two or more depressions on the Surface of the 
substrate. 

3. The method of claim 2, wherein creating two or more 
depressions on the Surface of the Substrate comprises using a 
laser punch to create the depressions on the Surface of the 
substrate. 
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4. The method of claim 1, wherein creating two or more 
alignment marks on the Surface of the Substrate further com 
prises depositing material to create two or more bumps on the 
Surface. 

5. The method of claim 4, further comprising logging the 5 
location of each of the plurality of surface defects during the 
inspection of the surface of the substrate. 

6. The method of claim 5, wherein the plurality of surface 
defects comprises pit defects and particle defects. 

7. The method of claim 6, wherein repairing the particle 10 
defects comprises using at least one of an electron beam, a 
focused ion beam, a laser beam, or an atomic force micro 
croscopy (AFM) nanomachining process to remove at least 
one of the particle defects from the surface of the substrate. 

8. The method of claim 6, wherein repairing the plurality of 15 
Surface defects comprises locally depositing material into at 
least one of the pit defects. 

9. The method of claim 8, wherein the material deposited 
into at least one of the pit defects comprises chromium. 

10. The method of claim 8, further comprising enlarging 20 
the at least one of the pit defects before depositing material 
into the at least one of the pit defects. 

11. The method of claim 8, wherein: 
locally depositing material into the at least one of the pit 

defects comprises depositing an excess of material into 25 
the at least one of the pit defects such that a volume of the 
material exceeds a volume defined by the at least one of 
the pit defects, thereby forming a bulge on the surface of 
the substrate; and 

removing the bulge formed by the excess of material by 30 
using at least one of an electron beam, a focused ion 
beam, a laser beam, or an AFM nanomachining process. 

12. The method of claim 11, further comprising subjecting 
the Substrate to a dry cleaning process to remove residue 
associated with the removing the bulge formed by the excess 35 
of material. 

13. The method of claim 12, wherein subjecting the sub 
strate to a dry cleaning process comprises Subjecting the 
Substrate to a CO dry cleaning process. 

14. A method for producing a mask blank, the method 40 
comprising: 

8 
receiving a mask blank Substrate; 
creating a plurality of alignment marks on a surface of the 
mask blank Substrate; 

performing an inspection of the Surface of the mask blank 
Substrate to locate and catalog a plurality of Surface 
defects; 

repairing the plurality of surface defects on the surface of 
the substrate; and 

depositing a plurality of alternating layers of high index of 
refraction and low index of refraction materials on the 
inspected Surface of the mask blank Substrate. 

15. The method of claim 14, further comprising: 
depositing a capping layer above the plurality of alternat 

ing layers; and 
depositing an anti-reflective coating above the capping 

layer. 
16. The method of claim 15, further comprising a photo 

resist layer over the anti-reflective coating. 
17. A semiconductor mask, the mask comprising: 
a repaired substrate; 
a multilayer stack comprising a plurality of alternating 

high and low index of refraction materials above the 
repaired Substrate; 

a capping layer above the multilayer stack; and 
an absorber layer above the multilayer stack. 
18. The semiconductor mask of claim 17, wherein the 

repaired substrate comprises a pit defect that has been 
repaired by deposition localized to an area of the pit defect. 

19. The semiconductor mask of claim 17, wherein the 
repaired substrate comprises a particle defect that has been 
repaired by nanomachining localized to an area of the particle 
defect. 

20. The semiconductor mask of claim 17, wherein the 
repaired Substrate comprises: 

a pit defect that has been repaired by deposition localized to 
an area of the pit defect; 

a particle defect that has been repaired by nanomachining 
localized to an area of the particle defect. 

k k k k k 


